Abstract. This study investigated in utero priming as a consequence of maternal parasitic infections. Cord blood plasma samples of 63 African newborns were assessed by enzyme-linked immunosorbent assay for their content of total and schistosome-specific or filaria-specific IgE and IgG4. The frequencies of lymphocyte phenotypes in cord blood were also determined by using flow cytometry, and were compared with those of European newborns. We found significantly increased schistosome soluble egg antigen (SEA)-specific IgE in cord plasma of those born to mothers with schistosome infections and correlations between fetal and maternal SEA-specific and filaria antigen-specific IgE. These data are evidence for in utero priming of the fetal immune system to maternal helminth infections. Furthermore, we show significantly enhanced percentages of CD5-B cells in African newborns cord blood compared with Europeans, which is consistent with earlier maturation of the African fetal immune system.
INTRODUCTION
In countries where parasitic infections are endemic, pregnant women are often infected and the passage of antibodies, parasite antigens, or living parasites across the placental barrier may influence the fetal immune system. 1 Human neonates are generally thought to have a reduced capacity to generate humoral immunity. In addition, it is thought that passively acquired maternal IgG mediates immunity against infectious pathogens in the first few months of life. However, there is increasing evidence of in utero sensitization as a result of maternal helminth infections. [2] [3] [4] [5] [6] [7] The question of how infections and/or microbial products in the mother might affect the development of the fetal immune system is of particular interest because it may explain disease patterns later in life.
Some studies have suggested that prenatal priming might be beneficial and lead to protection against infections or to reduced pathologic changes, [2] [3] [4] [5] [6] 8 and other studies have suggested that prenatal exposure might be detrimental and lead to development of allergic responses 3, 9 or to unresponsiveness 3, 8, 10, 11 and therefore inadequate reactivity of the immune system to infections or immunizations. 8, 12, 13 It has also been suggested that prenatal sensitization rather than exposure to helminths during childhood is important in determining the initial immune response elicited by natural infection. 4 Schistosomiasis and filariasis are chronic diseases caused by worms that can live for decades in their human host, releasing antigens continuously. In areas where these parasites are endemic, pregnant women often harbor these infections. 6, 10, 14, 15 Because IgE and IgM isotypes normally do not cross the placental barrier, 3, 6, 16 the presence of these antibodies in umbilical cord blood is evidence of prenatal priming. It has previously been shown that in disease-endemic countries total 3, 7, 10, 12 and filarial antigen-specific 3, 7, 10, 12 fetal IgE production occurs. Only one investigation 6 demonstrated a direct correlation of enhanced cord blood helminth antigen-specific IgE levels with the corresponding maternal helminth (Onchocerca volvolus) infection, and other studies found no correlation. 7, 10 There are few studies regarding the priming of the fetal humoral immune system as a result of maternal schistosome infection. King and others 3 and Malhotra and others 12 detected higher schistosome adult worm antigen (AWA)-specific IgE levels in cord blood of children in endemic countries compared with North American children. King and others 3 reported that in vitro filarial and/or schistosome antigen-driven IgE production was more likely to be seen in newborns of schistosome-infected or filaria-infected mothers than in offspring of uninfected mothers. Other studies also showed enhanced levels of schistosome-specific antibodies in cord blood 14, [17] [18] [19] but did not discriminate between children of infected and uninfected mothers, 18 did not state whether an admixture of maternal to the fetal blood was excluded, 14, [17] [18] [19] or did not differentiate between the distinct antibodysubtypes. 14, 17, 19 Therefore, it is possible that the latter studies detected maternal IgG that crossed the placental barrier. 20, 21 At the cellular level, there are even fewer studies that directly compare cord blood from areas with high pathogen burden to countries where environmental burden of microorganisms and parasites is relatively low. 22, 23 To our knowledge, no study has so far identified a direct correlation between maternal schistosome infection and schistosome-specific IgE levels in cord blood. In the current study, the relationship between maternal parasitic, especially helminth infections and the fetal, especially humoral immune, response was investigated. We examined polyclonal and specific antibody levels in the umbilical cord blood of newborns in central Africa. Additionally, we performed cell surface marker analyses of circulating lymphocyte subsets in these African newborns and compared them with European newborns specifically with respect to the relative frequencies of mature and immature B cells.
MATERIALS AND METHODS
Study population. The study was approved by the ethics committee of the International Foundation of the Albert Schweitzer Hospital in Lambaréné , Gabon. The study population consisted of 63 multiparous women living in the *Address correspondence to Larsen S. Seydel, St.-JohannesHospital, MK II, Johannesstraße 9-17, 44135 Dortmund, Germany. E-mail: larsen.seydel@gmx.de province of Moyen-Ogooué , Gabon, in central Africa and their newborns, born at term in the Hô pital Albert Schweitzer in Lambaré né (mean age of the mothers = 27 years, range = 18-42 years; median number of previous pregnancies = 3, range = 1-12). The purpose of the study and the procedures involved were explained and only those mothers granting written informed consent were enrolled as participants. Cord and maternal peripheral blood samples were collected. Socioeconomic factors (living conditions with regard to hygiene, social status of the family) were recorded by using a standardized questionnaire.
As a control, we obtained cord blood of 15 European newborns born in a hospital (Diaconessen Ziekenhuis) in Leiden, The Netherlands, and 10 peripheral blood samples of women from the same area; all provided informed consent. The same examinations were performed in both groups.
Sample collection. Paired umbilical cord and maternal peripheral venous blood samples were collected within minutes of delivery. To avoid contamination with maternal blood at sampling, cord blood was taken by direct needle (21 gauge) aspiration from the cord vein after cleaning the umbilical cord. All blood samples collected were treated with heparin. Plasma (2 mL) was separated by centrifugation and frozen at -20 C.
Microbiologic examinations. Thick blood smears of cord blood and maternal peripheral blood were stained with Giemsa and examined microscopically for plasmodia and filaria. Blood was squeezed out of the placenta and treated in a similar manner. From 48 mothers, a minimum of 20 mL of urine was filtered (pore size = 12 μm), and filters were examined microscopically for schistosome eggs. In addition, levels of schistosome circulating antigen (circulating anodic antigen [CAA]) were measured in cord and maternal peripheral plasma of all participants by enzyme-linked immunosorbent assay as described. 24 Circulating anodic antigen is a gutassociated, species-unspecific proteoglycan, produced in relatively large quantities by the parasite that can be detected in plasma. [25] [26] [27] Of the participants, 23 women provided fecal samples, which were prepared with standard methods for microscopic examination to determine the presence of intestinal helminth infections. Microbiologic examination of the mothers was only performed at the time of delivery. Therefore, maternal infections during pregnancy were not detected.
Parasite antigen preparations. Adult Brugia malayi worms were obtained from TRS Laboratories (Athens, GA). Male and female worms were freeze-dried, ground into a powder, dissolved in phosphate-buffered saline (PBS), homogenized and slowly stirred overnight at 4 C. The protein concentration was determined by using the 2,2 -biquinoline-4,4 -dicarboxylic acid disodium salt dihydrate method before storage at -20 C. Schistosoma haematobium adult worms were collected by perfusion of golden hamsters 16 weeks after infection with 1,500 cercariae. Adult worm antigen was prepared from the supernatant fluid obtained after the worms were homogenized in 0.035 M PBS, 0.15 M NaCl, pH 7.6, and centrifuged at 25,000 + g for 1 hour at 4 C. Soluble egg antigen (SEA) was prepared from S. haematobium eggs isolated from infected hamster gut by homogenization and trypsination. Antigen preparations were dialyzed against deionized water and freeze-dried. Freeze-dried antigens were resuspended in PBS before using them to coat microtiter plates.
Enzyme-linked immunosorbent assay for detection of IgE and IgG4. Plasma samples were transported on dry ice to Leiden where measurements were performed. For B. malayi (BmA)-specific IgE, microtiter plates (Nunc-Immuno Plate Maxisorp; Inter Med, Kamstrup, Denmark) were coated overnight at 4 C with 100 μL/well of BmA (5 μg/mL) in 0.1 M carbonate buffer, pH 9.6, and blocked for 1 hour at 37 C with 120 μL of PBS containing 2% bovine serum albumin (Organon Teknika, Boxtel, The Netherlands). Plasma samples were diluted 1:400 in 0.1 M Tris-HCl, pH 7.5, containing 0.005% Tween-20 and incubated at 100 μL/well. A positive standard plasma containing 1 + 10 4 arbitrary units (AU) of BmAspecific IgE from a patient was incubated on each plate at an initial dilution of 1:500 and a series of eight 3-fold dilutions. After incubation for 1 hour at 37 C, biotinylated goat antihuman IgE was diluted 1:1,000 and added (Vector Laboratories, Burlingame, CA) and incubated for 1 hour. Alkaline phosphatase-conjugated streptavidin (100 μL/well diluted 1:3,000) was added and incubated for 30 minutes.
Color was developed by addition of p-nitrophenyl phosphate (Boehringer, Mannheim, Germany) diluted in diethanolamine buffer (0.1 M diethanolamine, 0.5 mM MgCl 2 , pH 9.6) (Merck, Darmstadt, Germany), and optical density was measured at 405 nm after incubation for 90 minutes at room temperature on a Microplate Autoreader (Bio-Tek Instruments, Winooski, VT). The optical density value was converted into AU by extrapolation of a standard curve of the positive control plasma. Enzyme-linked immunosorbent assays for SEA-specific and AWA-specific IgE and IgG4, total IgE, and BmA-specific IgG4 were performed as described. 28, 29 Lymphocyte surface markers. For lymphocyte surface marker analysis, cord blood mononuclear cells (CBMC) of 26 newborns and maternal peripheral blood mononuclear cells (PBMC) of 13 mothers were frozen in liquid nitrogen and shipped from Gabon to The Netherlands. Cells were then thawed and 1 + 10 5 cells were incubated with fluorescein isothiocyanate-, phycoerythrin-, or peridinin-chlorophyllprotein-labeled monoclonal antibodies specific for CD5 and CD19 according to the manufacturer's instructions (Becton Dickinson, Alphen aan den Rijn, The Netherlands). Cells were analyzed by using an FACScan flow cytometer (Becton Dickinson). The CBMC and PBMC of European donors were processed and analyzed similarly (n = 15 and n = 10, respectively).
Statistical analysis. Statistical analysis was performed by using SPSS for Windows version 10.0 (SPSS Inc., Chicago, IL). To test the data sets for normal Gaussian distribution, the Kolmogorov-Smirnov test (Lilliefors modification) was used. Because data were not normally distributed, the Wilcoxon sgned-rank test for non-normal paired data sets and the Mann-Whitney U test for non-normal independent samples were used. In all cases, statistical significance was assumed with a P value 0.05. Multiple regression analysis was performed to detect independent associations.
RESULTS
Parasitic infections. At delivery, 21 of 63 mothers had a thick blood smear (in placental and/or peripheral blood) positive for Plasmodium falciparum parasites, 3 for filarial infections (two with Loa loa and one with Mansonella perstans). None of these parasites could be found in cord blood samples.
In 10 of 21 mothers, P. falciparum parasites were present in placental and peripheral blood. Trophozoites and/or schizonts were found in placental blood and trophozoites were found exclusively in peripheral blood (average parasitemia = 300 parasites/μL). In the other 11 mothers, P. falciparum parasites were found either exclusively in placental blood (n = 5) or exlusively in peripheral blood (n = 6) ( Table 1) .
Schistosome infection was defined by the presence of eggs in urine, by detection of CAA in serum samples, or both. In 4 of 48 mothers who donated a urine sample, schistosome eggs were found (three with S. haematobium and one with mixed S. haematobium and S. intercalatum) ( Table 1 ). In two of these mothers, CAA was detected in plasma. Three other mothers had CAA-positive plasma, one without schistosome eggs in her urine and two who refused to provide a urine sample. In addition, one newborn had detectable CAA in plasma, and the mother was negative for urinary egg counts or plasma CAA. Schistosome eggs or worms were not found in the placentas examined.
In 5 of 23 mothers who provided a stool sample, eggs of intestinal nematodes were detected (four with Ascaris lumbricoides and one with Trichuris trichiura).
Humoral responses. To determine whether neonates were sensitized in utero, levels of parasite-specific and total (polyclonal) IgE in plasma were examined. In addition, levels of IgG4, which crosses the placenta, were measured.
Mean levels of polyclonal IgE were increased in adult (5,003 versus 11 ng/mL) and in newborn African donors (345 versus 2 ng/mL) compared with Europeans (P 0.001 for both groups), thus confirming the results of King and others 3 and Malhotra and others. 12 As expected, levels of maternal polyclonal IgE were significantly higher than those of cord blood IgE (P 0.001). BmA-, SEA-and AWA-specific IgE was detected at higher levels in maternal blood than in cord blood (BmA-specific IgE = 378 AU versus 112 AU, i.e., more than three-fold higher; SEA-specific IgE: 6,358 AU versus 1,056 AU, i.e., more than six-fold higher; AWA-specific IgE: 1,486 AU versus 138 AU, i.e., more than 10-fold higher) (P 0.001 for all comparisons). Differences in levels of specific IgE are relatively small when compared with the difference in total IgE (more than 12-fold higher), indicating that fetal IgE was specific for helminth antigens and not simply a reflection of polyclonal IgE production. Moreover, total and AWA-specific maternal and fetal IgE levels were not correlated ( Figure 1A) , whereas SEA-and BmA-specific IgE levels were correlated (P = 0.002 and P = 0.007, respectively) ( Figure 1B) .
In contrast to IgE and in accordance with free placental passage, all maternal and fetal IgG4 levels were highly correlated (P 0.001) ( Figure 1C ) and levels were nearly identical (P = 0.92 for BmA-specific IgG4, P = 0.73 for SEA-specific IgG4, and P = 0.079 for AWA-specific IgG4).
SEA-specific IgE was significantly higher in S. haematobiuminfected mothers and their newborns (n = 8) than in noninfected persons (P = 0.006 for mothers and P = 0.002 for newborns) (Figure 2 ). The level of SEA-specific IgE in infected mothers (geometric mean = 16,511 AU) was on average three times higher than that of non-infected mothers (geometric mean = 4,857 AU), but was on average more than five times higher in children of infected mothers than in their counterparts born to non-infected mothers (geometric means = 3,419 AU and 804 AU, respectively).
AWA-specific IgE was not increased in cord samples of children born to mothers infected with schistosomes. Moreover, no correlation was found between cord IgE levels specific for SEA, AWA, or BmA. None of the other parasitic infections we detected, such as P. falciparum, had an influence on the antibody responses measured, and none of the socioeconomic factors recorded affected the results obtained.
Lymphocyte surface markers. B cells carrying the CD5 surface marker (B-1 cells) are considered immature, functionally naive B cells. CD5+ B cells are the predominant cell type in the European newborn B cell repertoires. To determine the relative state of maturity of B cells of newborns delivered in an environment with a high burden of parasitic infections, we measured the percentages of CD19 and CD5 markers on the surfaces of CBMC and PBMC in Gabonese and European donors.
The percentages of CD19+ mononuclear cells were equivalent in cord blood of Gabonese and European newborns (8% versus 7% of all mononuclear cells; P = 0.38), in Gabonese and European adults (6% versus 9%; P = 0.65), in newborns and adults of Gabon (P = 0.57), and in their European counterparts (P = 0.28).
As previously shown, 22 we found a significantly increased mean level of CD5-B cells in the cord blood of Gabonese newborns compared with European newborns (55% and 38%, respectively, of all CD19+ mononuclear cells; P 0.001) (Figure 3 ), whereas no difference in the percentages of CD5-B cells was seen in peripheral blood of African and European adults (75% versus 78%; P = 0.06). Multiple regression analysis did not show correlations between antibody levels or maternal parasitic infections for any of the cell subsets.
DISCUSSION
This study investigated in utero priming of the fetal immune system caused by maternal parasitic infections in an area where helminth infections are endemic. We found significantly enhanced levels of schistosome egg (SEA)-specific IgE in cord blood of persons born to schistosome-infected mothers than in the control uninfected group.
Other studies that have shown enhanced levels of schistosomespecific antibodies in cord blood either did not show a correlation with a maternal infection 3, 12, 18 or did not provide information about how the cord blood was collected and whether an admixture of maternal antibodies was excluded. 14, [17] [18] [19] As expected, we found a high correlation between specific IgG4 from mothers and their newborns, and a similarity between absolute levels of IgG4; this finding can be explained by the free placental passage of maternal IgG. In contrast, we found no correlation between mothers and newborns regarding AWA-specific and total IgE. For SEA-and BmA-specific IgE, which were correlated in cord and maternal peripheral blood, the absolute antibody levels were significantly distinct and always lower in cord compared with maternal samples. In addition, for all different IgE types, ratios of mother:newborn levels were distinct. This finding indicates that the IgE detected in fetal and maternal blood originated from different blood pools (to avoid admixture of maternal and cord blood, cord blood was obtained not by squeezing the umbilical cord but instead by direct needle aspiration, taking care to clean the cord of maternal blood beforehand). Therefore, we conclude that the significantly enhanced SEA-specific IgE levels in cord blood of children born to mothers with schistosome infections are not a result of an admixture of maternal and cord blood but instead of a prenatal exposure to egg antigens and intrauterine priming of fetal B cells, followed by production of specific antibody.
The correlation between fetal and maternal BmA-specific IgE levels also suggests that in utero priming may occur in this population. However, the number of persons in whom we could detect a filarial infection at the time point of delivery was too small (n = 3) to make a firm conclusion. Further studies should be conducted to clarify this issue.
Although maternal schistosome infection was associated with enhanced levels of fetal cord blood SEA-specific IgE, we found no influence on cord blood AWA-specific IgE. This difference may result from the higher immunogenicity of SEA. Many studies show that antibody responses to SEA are higher than those to AWA in infected persons. [30] [31] [32] [33] Thus, an inherent inferior immunogenicity of AWA may explain these results. Alternatively, the levels of egg antigens may be much higher than those of adult worm antigens in infected persons. Adult worms do not excrete large amounts of antigenic molecules and mask their surface tegument with host antigens. [34] [35] [36] They can live in the blood stream for many years, whereas eggs die in the host continuously and release their antigens. Additionally, adult worm antigens may not cross the placenta as well as or in the same quantity as egg-related antigens.
The transplacental passage of helminth antigens resulting in in utero sensitization has been reported in several studies. 3, 4, 6, 7, 19 The intravascular location of schistosomes ensures that antigens excreted or secreted by worms and eggs directly enter the maternal vasculature. 14, 26, 37 These antigens may thus reach the placenta and the fetal vessels. 14, 15, 19, 25, 38 For the schistosome antigen CAA, it has already been shown in an animal model that it can be transferred to the offspring via the placenta. 25 In the present study, we detected CAA in the cord blood of one newborn. Thus, antigen transfer via the placenta is a likely trigger for priming of fetal immune cells.
The schistosome egg is a major stimulus 39 for the production of IgE that cross-reacts 39, 40 with surface antigens of the larval schistosomula, itself a major target of protective immune responses. 39, 41 In several animal models, littermates born to mothers with schistosomiasis show limited infection and reduced pathologic changes when exposed for the first time. 2, 5, 11, 17, 42 Furthermore, the effector phase components 43, 44 required for IgE-mediated immunity are already functional. 42 Therefore, SEA-specific IgE may also play an important role in the immune system of human newborns. Further evidence of in utero priming of the fetal immune system is in the higher relative frequencies of CD5-B cells in the Gabonese newborns than in the European newborns. It has been hypothesized that the functionally naive low-affinity, polyreactive antibodies produced spontaneously by CD5+ B cells [45] [46] [47] could provide a relatively primitive antimicrobial first-line defense in the fetus and newborn. 46, [48] [49] [50] [51] Their gradual decrease in frequency with age, accompanied by an increase in the frequency of CD5-B cells, may represent an ontologic shift towards use of cells capable of mounting a high-affinity, fine-specificity, memory antibody response. 46 All published data for Europeans showed a significantly higher relative frequency of CD5-B cells in adults than in newborns, and CD5-B cells were the major B cell type in adults (median range = 60-75% of all B cells) but a minor B cell type in cord blood (range = 10-25%). 45, 46, [52] [53] [54] [55] Our results with European newborns and adults confirm these data. Strikingly, however, Gabonese newborns had significantly higher frequencies of CD5-B cells than their European counterparts, and most Gabonese newborn B cell populations lacked surface CD5. This finding supports the notion that CD5 is a marker for immaturity of B cells, and furthermore indicates enhanced maturation of the humoral immune system of Gabonese newborns, likely a result of a regular contact of the fetus with antigens in utero throughout pregnancy. Unfortunately, in this study, it was not possible to perform a broad spectrum of microbiologic examinations (including examinations for bacterial infections) throughout the whole pregnancy to diagnose the potentially encountered infections.
The few studies that have examined differences in cellular compartment of the immune system between high-income countries and areas of the world where infections are rampant have also concluded that there is considerable differences seen in the maturity of the immune system. 22, 23 The studies in Gabon have shown that T cells have an activated phenotype that is typical of antigen-experienced T cells. Interestingly, in a geographically distinct area in Papua New Guinea, studies of cord blood when compared with studies of cord blood in Australia, showed higher antigen-specific interferon-γ and interleukin-10 responses in newborns in Papua New Guinea, Moreover, recent studies of differences in response to vaccination of newborns in Malawi and the United Kingdom have indicated that there might be a large functional differences in how in utero period impacts development of the immune system of the unborn child. 56, 57 In conclusion, we have shown increased relative frequencies of mature CD5-B cells in newborns in an area where parasitic diseases are endemic, suggesting that in utero exposure in environments with high microbial loads can lead to a more rapid maturation of the immune system in general. We have shown specifically that priming of the fetal immune system to schistosome antigens occurs in utero, and speculate that this priming could shape the development of a schistosomespecific immune response, potentially affecting immunity and/or susceptibility to infection. The latter hypothesis requires investigation in further follow-up studies. 
